ABSTRACT The fruit ßy Bactrocera tryoni (Froggatt) (Diptera: Tephritidae) is a species of significant quarantine concern to many countries. Currently, B. tryoni is found in parts of Australia and on some PaciÞc islands. Understanding dispersal behavior is important for the development of scientifically justiÞed trade restrictions or quarantine distances for B. tryoni. These distances ensure adequate protection for overseas markets while also ensuring that growers sufÞciently distant from the affected area are able to retain unrestricted access to markets. This review considers scientiÞc data on dispersal and uses this information to make recommendations for appropriate quarantine distances. Most studies conclude that the lifetime dispersal distance of this species rarely exceeds 1 km, although three studies indicate that longer dispersal distances of a small number of individuals may occasionally occur. These short dispersal distances are consistent with Þndings for other fruit ßy species. Triggers for longdistance dispersal, the fate of these individual ßies, nutritional requirements to support this dispersal, and reasons for discrepancies in the dispersal distances reported in different studies are reviewed. Reasons for the inability of B. tryoni to establish along southern parts of the east coast of Australia before European colonization are postulated. A proposed quarantine distance is based on the scientiÞc basis of the mean and 3 SD, with a 3-fold level of protection based on distance. It is proposed that an area contained by a circle with a radius of 1.2 km is a reasonable quarantine area for B. tryoni outbreaks where ßies are contained within 200 m of an epicenter. Where total trappings are contained within 400 m of the epicenter, a quarantine distance of 2.4 km is recommended. Three other quarantine distances are proposed based on the formula by using the mean.
International trade allows the movement of commodities between countries for mutual gain. It allows countries to access foodstuffs that cannot be produced or manufactured within their own borders. Global trade allows the Northern and Southern hemispheres to supply agricultural commodities across the equator during summer and winter cycles in the "counter season" for each hemisphere. Just like crops they infest, pests are not uniformly distributed throughout the world. The absence of particular pests may afford decreased costs of production or preferential market access to pest-free countries. International trade provides the opportunity for pests to be moved into pestfree areas, and existing pest-free countries understandably want to minimize the risk of these incursions. Fruit ßies are one of these pests and many countries restrict trade when they deem the risk of importing the pest is too high. There are three main areas where trade might be restricted: 1) the threshold number of ßies deemed to be indicative of a breeding population (Dominiak et al. 2011a) , 2) the length of time and area must remain pest free before pest-free trade can commence, and 3) the dispersal or quarantine distance of a pest species (Clarke et al. 2011) . For trade partners, there is a fear that fruit ßies may travel considerable distances and infest fruit being sold as pest free and that the Þeld population or fruit infestation may go undetected. More risk adverse trade partners are likely to impose greater quarantine distances based on this fear. In an ideal world, these distances would be based on adequate science. Where the science is not available, the varying levels of risk aversion leads to varying quarantine distances to allay particular concerns.
Exporting countries establish monitoring traps to demonstrate that production areas are fruit ßy free and to create conÞdence that produce sold offers minimum or nil risk. Generally, parapheromones or food lures are used in traps of several designs (Cowley et al. 1990 , IAEA 2003 . There is no efÞcient lure for female fruit ßies, but they may be frequently attracted to wet food lures such a protein or fruit juice (IAEA 2003, Dominiak and Nicol 2010) . Therefore, most monitoring systems are based on trapping males that use parapheromones. Within the parapheromones, methyl euganol seems to attract ßies over longer distances, cuelure attracts over intermediate distances, and lures for Mediterranean fruit ßy, Ceratitis capitata (Wiedemann), attract ßies over relatively short distances (IAEA 2003) . Mediterranean fruit ßy is known for its shorter dispersal distance and earlier maturation, compared with many other species. This variability in attractiveness of lures often leads to a general fear by some importing countries that the traps may not detect fruit ßies before fruit is harvested, and so importing countries often demand overly safe quarantine distances or levels of protection.
The fruit ßy Bactrocera tryoni (Froggatt) (Diptera: Tephritidae) is the major fruit ßy pest in Australian horticulture, attacking most fruit and many vegetable crops (e.g., bananas [Musa spp.] , citrus [Citrus spp.] , coffee [Coffea spp.] , tomato [ Solanum lycopersicum L.], pome fruit, stone fruit, and pepper [Capsicum spp.] ) (Bateman 1991 , Anonymous 1996 , Yonow and Sutherst 1998 , Hancock et al. 2000 , Clarke et al. 2011 . B. tryoni is an Australian native and is currently found only in eastern Australia and on some PaciÞc islands (Drew 1989 , White and Elson-Harris 1992 , Dominiak and Daniels 2012 . This species is of substantial quarantine concern for many trading partners, both domestically and internationally. For states and countries trading in commodities that may be subject to B. tryoni infestation, knowledge of dispersal distance and appropriate level of protection provides conÞdence that imported produce is not infested if harvested from outside the quarantine or susceptible area (Clarke et al. 2011 ). In addition, for sterile release programs, the correct spacing of release points can ensure that sterile ßies are not wasted and are adequately distributed over the entire area (Meats 2007) . Many studies have examined B. tryoni dispersal in the Þeld, but dispersal distance has rarely been their primary focus.
The foundation of the current B. tryoni quarantine distances is not well documented. Fletcher (1974) claimed that B. tryoni could disperse up to 22.7 km, and MacFarlane et al. (1987) reported a single B. tryoni was found 94 km from the release point (Table 1 ). In the early 1990s, Bateman (1991) reviewed existing domestic trade conditions and recommended a uniform agreement among the Australian states for the management of and trade in produce recognized as a host for B. tryoni. Bateman noted that the quarantine radius had varied considerably among the different Australian states, ranging from 3 to 80 km. Most states arbitrarily had settled on 80 km because this distance had become the commonly accepted international rule. Bateman proposed that an area of 10 Ð15-km radius was adequate for a pest free area with small outbreaks, provided a comprehensive and vigorous eradication campaign was undertaken. The 80-km radius of suspension was excessive and quite unwarranted. Although it was accepted that wild ßies rarely ßew Ͼ1 km, there is no explanation why 15 km was Fletcher (1974) 22.7 Gilchrist and Meats (2012) 90,000 0.264 1.584 57,000 0.24 1.44 MacFarlene et al. (1987) 1,960,000 (S) 6 94 Maelzer (1990) 0.64 3.84 Meats (1998b) 0.2 Meats and Edgerton (2008) 0.12 1 0.72 Monro and Richardson (1969) 367 0.4 Reynolds et al. (1995) 213 ( Bateman (1991) , the Code of Practice for the Management for Queensland Fruit Fly was published in the mid-1990s (Anonymous 1996) , determining the quarantine distance around any outbreak as 15 km. The quarantine distance is the radius of a circle within which some form of quarantine or trade restriction, including disinfestation, is applied. The six mainland states have adopted 15 km, but Tasmania, as late as 2010, required a quarantine distance of 80 km (possibly based on highly atypical records of extreme dispersal distance reported by MacFarlane et al. [1987] ). This domestic trade document (Anonymous 1996) has been broadly adopted in principle by 19 countries as the basis of international trade. However, some key components of Anonymous (1996) , such as quarantine distance, have been varied or changed by importing countries. In 1996, the accepted quarantine distance varied between 15, 50, and 80 km for Þve, one, and 13 countries, respectively. By 2009, this position had changed with quarantine distances between 15, 50, and 80 km accepted by 10, one, and 10 countries, respectively. The different quarantine distances lack a robust scientiÞc basis and create complex administration procedures for trade regulators. An agreed position on a scientiÞcally informed quarantine distance for B. tryoni is needed urgently to harmonize domestic and international trade. Clarke et al. (2011) noted that the resolution of B. tryoni dispersal distance would impact immediately on quarantine distances. Given the geometric expansion of areas requiring disinfestation unnecessarily by each kilometer of quarantine radius, an appropriate quarantine radius would have major implications for trade, quarantine, the minimization of pesticides in the environment and for the sterile insect technique (Clarke et al. 2011 ). This article reviews the literature on B. tryoni dispersal to propose a method of estimating quarantine distances based on detections in Þve different trapping results and to encourage discussion on trade protocols.
Review of Dispersal Distance
Ecology. Fruit ßy dispersal may be adventive or appetitive. Many studies have described adventive or the long-distance human assisted transport of B. tryoni (as eggs or larvae in infested produce) into previously uninfested areas (Lea 1899 , Quinn 1907 , Bateman 1977 , Dominiak et al. 2000a , Dominiak and Daniels 2012 . This type of dispersal is often regulated . However, here we discuss the appetitive dispersal by natural means after B. tryoni has been transported into previously uninfested areas and how a population disperses after an introduction has occurred.
The different life stages of fruit ßies use different resources from the environment. Eggs are laid under the skin of fruit, and the larvae tunnel through the ßesh of the fruit, causing the fruit to degrade making it unÞt for human consumption. Larvae develop using the nutrients of the fruit ßesh. Eventually, mature larvae leave the fruit; fall to the ground; and spend a short time in the soil under the host tree, where they enter the pupal phase. After eclosion, adults escape to the soil surface and ßy away from the tree that has sustained the immature stages. The egg, larval, and pupal stages occur in proximity of the host tree, and the fruit tree is regarded as the center of activity (Drew 1987 . These stages and the available food resources inßuence the size of the reproductive adults. Many factors inßuence dispersal distance, including availability of food (primarily sugars and protein), temperature, humidity, wind, odors, life span, escaping predators, and fruit suitable for oviposition (OÕLoughlin 1964, Meats and Edgerton 2008) . It is likely that the dispersal distance of fruit ßies has evolved in response to the phenology and distribution of host plants in the landscape , Raghu et al. 2000 . Knowledge of the dispersal distance and associated inßuences is required to manage, control, or eradicate B. tryoni and to provide conÞdence for the trade of fruit ßyÐfree produce.
Triggers for Long-Distance Dispersal. Movement of ßies is driven principally by the availability of resources. Long-distance dispersal of B. tryoni has been linked to isolated favorable habitats separated by resource poor country that forced dispersing ßies to make longer ßights (Fletcher 1974 , Edge et al. 2001 , Meats and Edgerton 2008 . Dalby-Ball and Meats (2000a) found B. tryoni spent less time in trees with no fruit and this may result in a greater likelihood of increased dispersal. Fletcher (1973) noted that ßies avoided or moved away from areas lacking fruit, water, food or shelter and that they aggregated in sites where these resources were available. Bateman (1991) reported that B. tryoni tended to remain in the vicinity of fruit trees. Dispersal distances are hence likely to be relatively short in these habitats. In Australia, resource poor conditions rarely exist in larger urban areas , Raghu et al. 2000 or in managed orchard situations where there is little incentive for the ßies to abandon safe havens with water and abundant fruit. Other tephritid species also show longer dispersal distances associated with poor resources (Harris et al. 1993 , Averill and Prokopy 1993 , Prokopy et al. 1994 , Peck and McQuate 2004 .
Nutrition for Survival and Maturation of Dispersing Flies. Nutrition is key for B. tryoni survival, dispersal, reproduction, and establishment of new populations. This nutrition is required to two distinct phases: preeclosion and posteclosion. In Mediterranean fruit ßy, Nestel et al. (2003) claimed that energy reserves accumulated during the larval stages were used to obtain energy for metamorphosis. After eclosion, any residual energy reserves are used for dispersal and Þnding additional sources of food. Larval competition is regarded as a stress that produces small adults and these adults generally have low fat reserves. These individuals were more likely to settle in the immediate area as they had few energy reserves for ßight (Zolubas and Byers 1995) . Collins et al. (2009) reported that larger pupae gave rise to adults more capable of surviving for 48 h when under nutritional stress. Dominiak et al. (2002) reported of the strong relationship between pupal weight and adult emergence and ßight ability. Newly emerged wild ßies must Þnd sugars from products such as honeydew and protein in materials such as bird feces (Bateman 1972 or be able to access juice from ripe or damaged fruit to survive (Dalby-Ball and Meats 2000b) . In dry environments, these products are difÞcult to Þnd. Under ideal laboratory conditions, the average life span of B. tryoni without food and water is Ϸ45 h (Weldon and Taylor 2010; B.C.D., unpublished data). Fanson et al. (2009) found B. tryoni preferred a diet with a carbohydrate: protein ratio of 3:1 and that diets with different ratios resulted in adverse effects on longevity or reproduction. Dixon et al. (1993) also reviewed the nutritional trade off between the ßight and reproduction. Females that deposited eggs die sooner than average, and this was indicative of the survivalÐrepro-duction trade-off. Egg production used lipid reserves that could otherwise be used to prolong longevity, dispersal, or both (Papaj 2000 , Prabhu et al. 2008 , Hendrichs et al. 1991 . Protein feeding by postteneral B. tryoni has been consistently reported to enhance sexual performance (Perez-Staples et al. 2007 Prabhu et al. 2008 ). claimed that the combination of low humidity and starvation were considerably more punitive for B. tryoni survival than starvation alone. Desiccation resistance was generally lower for females than males and also declined with age. Therefore, the lack of available food resources in the environment diminishes the chance of survival to reach maturity and a chance to compete for a successful mating. Warburg and Yuval (1997) claimed sugar levels increased in Mediterranean fruit ßy adults after feeding and were converted into glycogen and lipids during rest periods. Female Mediterranean fruit ßy used lipids in egg production and in somatic activities, whereas male Mediterranean fruit ßy converted carbohydrate into glycogen to support lekking behavior. Both sexes used glycogen for ßight. In addition, the length of time that insects survived starvation was positively correlated with the relative size of their lipid reserves (Dixon et al. 1993) . Species and generations that had greater lipid reserves survived longer and metabolized more fat (Dixon et al. 1993) .
Bacteria on the leaf surfaces and fruit seem to be a key food source for B. tryoni (Drew 1987 , Drew and Lloyd 1987 , Fletcher 1987 . Meats et al. (2009) found that a broth of bacteria was attractive over a distance of a few centimeters in cages of B. tryoni. It has been proposed that B. tryoni transport these bacteria onto new leaves and fruit as they move around their territory. However, in fruit ßyÐfree regions, it is unlikely that these bacteria would be abundant on leaves due to the absence of fruit ßies. Drew et al. (1984) noted the supply of this leaf microßora was variable but occurred in greater supply in the tropical rain forests after the onset of summer rains. Courtice and Drew (1984) suggested that the seasonal abundance of fruit ßies in southern Queensland was inßuenced by the erratic supply of this leaf microßora. Further south, tropical conditions do not exist in southern Australia and the associated fruit ßyÐfree zones. B. tryoni entering these fruit ßy free zones are therefore unlikely to Þnd this rich protein source. In the absence of these bacteria, B. tryoni must Þnd protein from alternative ephemeral sources; therefore, a large proportion of ßies may not reach sexual maturity or contribute to population growth (Perez-Staples et al. 2007, Weldon and . Meats et al. (2003) found 71% of single B. tryoni detections did not lead to outbreaks, compared with 18% for Mediterranean fruit ßy. Although B. tryoni were recognized as capable of traveling longer distances than Mediterranean fruit ßy, possibly due to the differences in the time taken to reach sexual maturity, they also were recognized as poor colonizers in fruit ßyÐfree areas (Bateman 1972 (Bateman , 1977 Edge et al. 2001; Fletcher 1986; Meats et al. 2003 , Weldon 2007 . Even introduction by human activity (jump dispersal) most often does not result in establishment of B. tryoni (Maelzer et al. 2004, Meats and Edgerton 2008) .
Fate of Long-Distance Adult Travelers. Only a very small proportion of ßies disperse over greater distances and this depends on their ability to survive long enough to get there. Long-distance dispersal may reduce the likelihood of completing a successful mating because fruit ßies disperse in random directions and do not travel in pairs (Fletcher 1974) . It is the immature ßies that disperse; therefore, the chances of a sexually mature male and female occurring in the same tree or group of trees after many days of dispersal is reduced (Fletcher 1974 , Meats 1998b , Weldon 2007 . Dispersing individuals rapidly cause a dilution of the founder population with ßies moving outwards into a "vacuum" and their chances of Þnding a mate are reduced to near zero at the extremes of dispersal (Bateman 1977, Weldon and Meats 2010) . Clift and Meats (1997) described these ßies as "overdispersed." After maturation, there is a "settling" of the population (Plant and Cunningham 1991, Weldon 2003) .
Male B. tryoni use acoustic and pheromone signals to attract sexually receptive females, and mate only during a brief period of Ϸ30 min at dusk (Tychsen and Fletcher 1971) . Males gather on the upwind side of trees: they stridulate and release pheromone, directing the pheromone stream through the foliage (Tychsen 1977) . Male calling is energetically expensive, and calling in aggregations maximizes their chances of mating success: females visit single males less frequently than large male aggregations (Weldon 2007) . Males downwind of an aggregation have Ϸ10 min to ßy upwind to join the ßying swarm (Tychsen 1977) . Acoustic cues are only effective over a short distance of Ϸ0.5 m (Mankin et al. 2004 (Mankin et al. , 2008 . Female B. tryoni ßy directly toward the males from up to 50 cm away (Tychsen 1977) . Furthermore, B. tryoni also have a relatively poor capacity to locate an odor source, and it has been suggested that pheromones operate mainly within a single tree canopy Hartland 1999, Weldon 2007) . These limitations therefore result in single males being unlikely to attract a female and successfully mating if the B. tryoni population is sparse, May 2012 DOMINIAK: QUARANTINE DISTANCES FOR B. tryonia common situation at the extremes of dispersal distance.
Wind-Assisted Dispersal Over Land
It has been suggested that wind might cause longer distance dispersal of fruit ßies but the data for windassisted dispersal is inconclusive. Winds in excess of 4 km/h have been found to move B. tryoni downwind, whereas winds of Ͻ2 km/h seem not to inßuence B. tryoni distribution (Dominiak et al. 2003b ). Dispersal of Anastrepha ludens (Loew) and Mediterranean fruit ßy were affected by wind (Baker and Chan 1991) . Meats and Hartland (1999) claimed a net displacement of B. tryoni upwind toward a cuelure source at wind speeds of 0.84 km/h. Male B. tryoni tend to move upwind more than female B. tryoni in winds of 0.84km/h, both at midday and at dusk (Pike and Meats 2003) . Bactrocera dorsalis Hendel and Bactrocera cucurbitae Coquillett frequently moved down wind after release (Steiner 1969) . Fletcher (1989) reviewed many studies and reported that the direction of ßight in response to wind was not uniform across species with different species moving upwind or downwind. Cold strong winds could dislodge fruit ßies from trees and possibly make them more subject to predation on the ground (Meats 1989) . Wind also affects on climatic aspects such as humidity and dew formation; both are key conditions for B. tryoni survival (Yonow and Sutherst 1998, Dominiak et al. 2006) .
Circumstantial Dispersal Evidence From Early Australia. B. tryoni is known to infest 60 wild hosts from 25 plant families (Drew 1989 , White and ElsonHarris 1992 , Clarke et al. 2011 , and there would seem to be little host limitation for B. tryoni dispersal before commercial hosts were introduced. The east coast is known to experience rainfall conditions varying from drought to ßoods (Gallant et al. 2007) , and B. tryoni should have dispersed during the wet years to eventually infest the entire east coast. If B. tryoni had the capacity for long-distance dispersal and had reasonable colonization attributes, it seems likely that they would have become established along the entire eastern coast of Australia before European settlement in 1788 (Drew 1989 , Bateman 1977 . Given the dependence of B. tryoni on moisture (Yonow and Sutherst 1998, Dominiak et al. 2006) , the coastline of eastern Australia should have supported the invasion and colonization by B. tryoni during the millennia before (as it did after) European colonization and modern human mechanisms for fruit distribution. Drew et al. (1984) proposed that B. tryoni bred in succulent fruits in tracts of tropical rainforests along the coastal areas of Queensland and possibly northern New South Wales. By 1819, many introduced hosts such as peaches, apricots, nectarines (all Prunus spp.), grapes (Vitis spp.), oranges (Citrus spp.), and pears (Pyrus spp.) were being grown in coastal Sydney, and no fruit ßy problems were reported previously (Drew 1989) . As rain forests were cleared, B. tryoni expanded its host range to include imported cultivated fruit (Bateman 1968 , Edge et al. 2001 , Maelzer 1990 ). B. tryoni was Þrst reported in Queensland in 1853 (Quinn 1907) , in coastal New South Wales in 1852 (Froggatt 1909) , and in the Murrumbidgee Irrigation Area (the current fruit ßy free quarantine zone) in inland New South Wales during the 1930s (OÕLoughlin 1964). B. tryoni was detected in Victoria and South Australia during the 1940s (OÕLoughlin 1964) , the Northern Territory in the 1960s (May 1963) , and in Western Australia much later (Sproule et al. 1992) .
The inability of B. tryoni to colonize southern regions of eastern Australia before European arrival does little to support the notion that B. tryoni (an Australian native) is capable of long-distance ßight to colonize new areas. After European colonization, the transport of fruit ßy infested produce (banana, citrus, and mango [Mangifera indica L.]) was responsible for long-distance dispersal of larvae of both B. tryoni and Mediterranean fruit ßy to southern states (Lea 1899 (Lea , 1908 Quinn 1907; Madge et al. 1997) . Generally, the transport of infested produce remains the reason for incursions into otherwise fruit ßyÐfree districts to the present day (Bateman 1977 , Maelzer 1990 Fletcher (1973 Fletcher ( , 1989 noted that ßies spend most of their time making trivial ßights or walking within the tree canopy. In responding to higher fruit abundance, Dalby-Ball and Meats (2000b) claimed that both male and female B. tryoni visited more leaves and hence spent more time per tree with increasing fruit abundance. Flies moved around the canopy primarily by walking, and when they did ßy, it was usually over short distances of Ͻ50 mm in an upward direction. In laboratory observations, reported that wild B. tryoni spend only Ϸ0.6% of their time in ßight with walking (67.5%), inactivity (18.0%), and grooming (14%) taking up the remainder of their time.
The ßight activity patterns for B. tryoni males and females do not differ , and the short-range dispersal patterns of emerged adults are similar (Weldon and Meats 2007) . Clarke and Dominiak (2010) found a high correlation between male and female trap catches and suggested changes in male distribution reßected the distribution of female B. tryoni. Fletcher (1973) reported the weekly declines of released B. tryoni were similar for males and females, whereas Meats (1998b) assumed that female dispersal was the same as males. It seems likely that the dispersal habits of male and female B. tryoni are similar.
Dispersal of Wild Flies.
Reported dispersal distances from 22 studies of wild and sterile B. tryoni programs are summarized in Table 1 . For the wild B. tryoni, the early outbreaks in South Australia and Victoria were recorded by Swan (1949) , Fish (1955), and OÕLoughlin (1964) . Bateman (1991) reviewed wild ßy dispersal in South Australia (24 B. tryoni outbreaks over 11 yr), in the Sunraysia region in northwestern Victoria (eight outbreaks over 16 yr), and in two quite serious outbreaks in New South Wales. Bateman (1991) claimed that a suspension over 10 Ð15 km would afford a very generous margin of protection to fruitimporting states and countries, except for circumstances such as the large New South Wales outbreaks. It was recommended that 15 km was an acceptable radius of suspension where the outbreak did not expand beyond 1Ð2 km. Maelzer (1990) reviewed 44 B. tryoni outbreaks in South Australia. Heaven (2006) reported that when wild B. tryoni were detected, eradication occurs in an area within a radius of 1.5 km from the detection point. Meats et al. (2003) examined 286 infestations of B. tryoni and found that adult ßies were almost always found within 1 km of infested fruit. They concluded that for sparse trappings of one to three ßies in 2 wk that the corresponding quarantine radius would approach 1 km and proposed that ßies would need to be trapped at nearly 70 ßies per trap in 10 traps within 1 km of the epicenter to validate a 90-km quarantine distance. Meats et al. (2003) also implied that trappings should not exceed the equivalent of 35 per fortnight (from Þg. 5 in Meats et al. [2003] ) in a set of supplementary cuelure traps within 200-m radius to justify a 8-km quarantine zone. They implied that ßies needed to be trapped at a rate of 100 per fortnight in a set of 16 cuelure supplementary traps to justify a 15-km suspension zone.
Dispersal of Sterile B. tryoni. There is evidence that the ßight characteristic of sterile ßies is not greatly different from that of wild ßies. In ßight propensity tests, Chapman (1983) reported that immature and mature wild B. tryoni were considerably less active than laboratory-bred counterparts. Weldon and Meats (2010) reported there was no signiÞcant difference in dispersal distance between irradiated (sterile) and unirradiated (wild) B. tryoni in the Þeld. In the B. tryoni production facility, the ßight abilities of irradiated and unirradiated ßies are frequently assessed: the difference in ßight ability has been consistently small at 2.7, 3.0, and 8.5% (Dominiak et al. 2002 (Dominiak et al. , 2007 (Dominiak et al. , 2008 . Collins et al. (2008 Collins et al. ( , 2009 ) found irradiation did not signiÞcantly effect ßight ability. Therefore, it is likely that the dispersal distance of most of the sterile release studies cited below would be indicative of the dispersal distance of wild ßies. Fletcher (1974) reported a simple inverse-square law relationship between catches and distances from the release point and found that B. tryoni dispersed a maximum distance of 22.7 km through dry sclerophyll forest (a resource poor habitat). FletcherÕs grid only started at only 800 m from the release point (Meats 1998a, Gilchrist and Meats 2012) ; therefore, his data provide no information about dispersal within 800 m of release point. It could be argued that the trial design used by Fletcher predisposed his results to indicate longer dispersal distances. MacFarlane et al. (1987) found only 35 were caught beyond 6 km of the release point. A single ßy was captured 94 km from the release point but the accidental transport of ßies, in or on vehicles, probably contributed to this extraordinary movement (Edge et al. 2001 , Dominiak et al. 2003a .
Other studies report short dispersal distances for released ßies. Andrewartha et al. (1967) and Monro and Richardson (1969) reported on initial programs (Table 1) . Bateman (1991) indicated that sterile B. tryoni could be used to eradicate spot infestations up to 2 km in diameter in the quarantine zone. Anonymous (1996) required intensive trapping to be conducted within 200 m of a detection and that ßies trapped Ͼ1.5 km from the epicenter should not be considered part of that outbreak. Meats (1996) suggested the effective spacing interval for release points seemed to be 400 m based on the known dispersal characteristics of B. tryoni and predicted that a release program at one km intervals would be ineffective owing to incomplete coverage. During sterile releases at Beckenham, Meats (1998a) indicated that traps 100 Ð200 m from the release site caught more ßies per trap and the recapture rate declined with distance thereafter. Meats (1998b) claimed that male and female dispersal was similar within a 200-m radius of the release point. Yeates et al. (1992) reported on the B. tryoni eradication program in Western Australia. South Australia also has an extensive history of sterile insect technique programs (Reynolds et al. 1995 ). More recently, there has been considerable research in rural New South Wales (Dominiak and Webster 1998; Dominiak et al. 2000b Dominiak et al. , 2003b Dominiak et al. , 2011a B.C.D. and H. I. Nicol, unpublished data) and in Sydney and related areas (Dominiak et al. 2003b; Weldon and Meats 2007 , Meats et al. 2006 , Meats and Edgerton 2008 , Gilchrist and Meats 2012 . Meats et al. (2003) stated that B. tryoni were unlikely to ßy 1 km.
The studies cited above are generally in keeping with Fletcher (1974) who proposed that the relationship between trapped ßies and distance from the release point conformed to an inverse square rule where the catch per trap declined as a reciprocal of the square of the distance. This rule has been applied in many subsequent studies to account for the observed results (Meats 1996 (Meats , 1998b Edge et al. 2001; Weldon 2003 Weldon , 2007 Meats and Smallridge 2007; Weldon and Meats 2007; Meats and Edgerton 2008) . Meats (1996) claimed this was also true for the data reported by MacFarlane et al. (1987) .
Only Bateman (1991 ), Fletcher (1974 ), and MacFarlane et al. (1987 report maximum dispersal distances exceeding 6 km, although they do not provide mean dispersal distances. The apparent long-distance dispersal recorded may have resulted from hitchhikers (adult ßies being unintentionally transported) in or on trap monitoring or release vehicles. These studies did not report any decontamination protocols for vehicles May 2012 DOMINIAK: QUARANTINE DISTANCES FOR B. tryoniused in surveillance (see Dominiak et al. 2003b for decontamination). Dominiak et al. (2011a) have observed sterile ßies hitching a ride on the windscreen of a vehicle traveling in excess of 80 km/h. McWaters (1984) and Edge et al. (2001) claimed that release ßies could be transported long distances inside release or monitoring vehicles. Most of the dispersal distances described above pertain to programs where releases commonly exceeded 10,000 ßies, with weekly releases over a sustained period. Recaptured ßies were counted in the hundreds or thousands. These reported larger recapture rates need to be placed in context for quarantine purposes where the detection of only Þve male B. tryoni within 1 km of each other in a 14-d period constitutes an outbreak and triggers an immediate chemical eradication program. In a review of declared B. tryoni outbreaks, Meats et al. (2003) noted that no adults were trapped after the spraying programs had started.
How far would wild B. tryoni spread from an incursion point where the maximum capture is likely to be Þve ßies, followed by a pesticide control program? Given the comparison between these research trials and quarantine zone programs, the current quarantine distance of 15 km would seem to be excessive under most operational circumstances and a shorter quarantine distance of several kilometers seems sufÞcient in most cases (Edge et al. 2001 , Dominiak et al. 2003a , McMaugh 2005 .
Dispersal Distance of Other Tephritids. The short dispersal distances for B. tryoni are mostly consistent with estimates of other fruit ßy species. Reports of Mediterranean fruit ßy dispersal distance range from 156 m (Plant and Cunningham 1991) to 300 m (Wong et al. 1982, Baker and Chan 1991) . Meats et al. (2006) reported that most released Mediterranean fruit ßy remained within a few hundred meters of the release point. After the release of 38.8 million Mediterranean fruit ßy ßiers, Meats and Smallridge (2007) found 90% of 7,863 recaptured sterile Mediterranean fruit ßy remained within Ϸ400 Ð700 m of the release point. For Rhagoletis cerasi L., 90% of ßies were trapped within 400 m of the release point (Leski 1969 ) and Ϸ100 Ð250 m for A. ludens and Anastrepha obliqua (Macquart) (Hernandez et al. 2007 ). Kovaleski et al. (1999) found 94.7% of Anastrepha fraterculus (Wiedemann) remained within 200 m of the release point, whereas Fletcher and Kapatos (1981) reported Bactrocera oleae (Gmelin) dispersed a mean distance of 400 m from a release point in 1 wk. Froerer et al. (2010) released 217,560 B. dorsalis capable of ßight and trapped 1,917 marked ßies of which were mostly trapped 0.02Ð1.90 km from the release site; however, the maximum dispersal of one ßy was 11.39 km.
What Is a Reasonable Dispersal Distance or Quarantine Distance? This review collates a body of studies that indicate that the dispersal distance for a high proportion of B. tryoni can be measured in hundreds of meters, not in kilometers. So what is a reasonable appetitive dispersal distance, and what quarantine distance is required to provide conÞdence that B. tryoni will not infest fruit beyond the likely infested zone around an epicenter of a ßy detection? What is a reasonable safety margin or level of protection?
Which Predictive Model Should Be Used? One approach would be to use standard deviation estimates associated with a mean dispersal distance. Hawkes (1972) claimed that ßies dispersed in all directions initially away from the release point. With each passing day and the further ßies dispersed from the release point, some individuals traveled back toward the release point, whereas others traveled at laterally keeping the same radial distance, and others continued to disperse away from the release point. Hawkes (1972) described this as "randomized meandering." The mean rate of dispersal therefore declines with each passing day, as ßies disperse in all directions moving into progressively larger area. In addition, death of insects would contribute to the declining rate of dispersal away from the release point. Hawkes (1972 ), Freeman (1977 , and Carey (1993) reported a dispersal index called a "standard distance" that is approximately equivalent to the median distance. Developing this further, Thomas and LoeraGallardo (1998) indicated that the standard distance was calculated by treating each individual recapture displacement as a deviation from the release point. Therefore, the standard distance (estimated by the median) was statistically equivalent to the standard deviation. When the data from Dominiak et al. (2011b) was reanalyzed, the median (standard distance) and the standard deviation were not similar. The theory of standard distance was developed for Mediterranean fruit ßy and would seem to be not well suited for B. tryoni.
Another approach would be to use the mean and standard deviation estimates associated with a mean dispersal distance. Gilchrist and Meats (2012) reported that B. tryoni dispersal is accurately described by a Cauchy distribution that is a modiÞed normal distribution, so the assumptions of a normally distributed model should apply. The mean and 1 standard deviation (Mϩ1SD) covers 84.1% of the dispersal means. The mean and 2 standard deviations (Mϩ2SD) covers 97.7% of dispersal means. It might be argued that Ͻ2.3% of the dispersal means are longer, and given a two-tailed distribution, that these are not a signiÞcant part of the population. Mϩ2SD could be a meritorious level as a scientiÞc basis for quarantine distance. However, it is likely that many trading partner will feel that this level is too liberal, based on the current overly cautious quarantine distances. Therefore, the mean and 3 standard deviations (Mϩ3SD), covering 99.9% of the dispersal means, would provide a higher level of conÞdence. Flies beyond Mϩ3SD are probably outliers. However, calculating the standard deviation of Þve ßies is not likely to provide robust statistics. Ideally, populations of larger numbers, such as a sterile release, will provide a more robust answer, and such tests need to be done in the future.
In the interim, the data from Dominiak et al. (2011b) were reexamined, and results from the three release methods are provided in Table 2 . The Mϩ3SD formula does not exceed 200 m for any of the three methods. For the more risk-averse trading partners, it is likely that they would want to build in an extra level of protection beyond 99.9% to further minimize the chance of imported infested produce.
Appropriate Level of Protection. Although there may be some evidence to propose a technical basis for ßight distance or dispersal using Mϩ3SD, there is little guidance on the safety margin or the appropriate level of protection (ALOP). In reviewing AustraliaÕs Biosecurity, Beale et al. (2008) claimed that AustralianÕs ALOP is stated as "providing a high level of sanitary and phytosanitary protection, aimed at reducing risk to a very low level but no zero." Beale et al. (2008) also noted that no one really knows what these words meant in practice. The development of ALOP must overcome many controversies, including the practical and achievability of protection. ALOP also should include economic analysis. How are important science and data gaps overcome? Are other countries any better? Beale et al. (2008) claimed that there were Ͼ175 separate import requests awaiting consideration by Australian authorities. The majority were formal market access requests from trading partners wanting to bring products into Australia. Each import request requires a risk assessment of the scientiÞc knowledge or levels of risk associated with that particular commodity. Frequently, there is a balance reached between the probability of a pest incursion combined with the anticipated consequence of such an event. Most countries, including Australia, are required to complete their import risk analyses within 30 mo. However, some analyses took more than a decade to complete (Beale et al. 2008) . Australia agricultural exporters also face the frustration of having to wait in a long queue before access to new markets is granted by AustraliaÕs trading partners. Beale et al. 2008 also claimed that few, if any, other countries had a more explicit statement of their ALOP than Australia, although many countries were attempting to remove the ambiguity in their ALOP deÞnitions. So how might the current fruit ßy quarantine distance be progressed toward a less risk-averse measure.
Proposed Standard Incorporating Science and Level of Protection for B. tryoni. Given that there is no standard ALOP, perhaps one might be proposed as an interim measure. A zero level of protection seems too liberal and only results in the same quarantine distance as the Mϩ3SD. An ALOP of 100 seems to be overly conservative and could easily be interpreted as a trade barrier. Perhaps a 3-fold ALOP (based on distance) covering Mϩ3SD would be a compromise [denoted as 3(Mϩ3SD)] and are shown in Table 2 by using data from Dominiak et al. (2011b) as an example. There is no reason to choose or reject a 3-fold ALOP; however, it may well serve as an interim measure. The 3(Mϩ3SD) is Ͻ1 km for all three release methods. How can we use this particular example to use the previous reports to develop a quarantine distance? Twelve reports offer a mean dispersal distance (but not standard deviations), and it would be useful if there was a simple method to convert mean distance to the 3(Mϩ3SD) quarantine distance. The adult tub release resulted in a small standard deviation and offers a small threat of longer dispersal. The chilled adult release had the largest standard deviation and an increased risk of longer dispersal; the conversion between the mean and the 3(Mϩ3SD) distance was 5.6 (rounded to 6 for simplicity). This conversion factor might be applied to the other papers in Table 1 that report a mean dispersal distance, on the assumption that the background assumptions are the same for all papers.
It may be instructive to examine how this system might operate. In Table 1 , using Bateman (1991) and the South Australian data, the mean dispersal distance was 0.2 km. If the 6 conversion factor was applied, simplistically the quarantine would be 1.2 km, not 15 km as it currently exists. Similarly using the work of Dominiak et al. (2003b) from within the fruit ßyÐfree zone, where the mean dispersal distance was 0.4 km, the new calculated quarantine distance would be 2.4 km. Although the total captured Þgures are not available for the Bateman (1991) example, there were 1,798 sterile ßies captured in the Dominiak et al. (2003b) example. Given the Þve ßy threshold for an outbreak (Anonymous 1996 , Dominiak et al. 2011a ) followed by a 12-wk control program, this 2.4-km standard based on the capture of 1,798 ßies (Dominiak et al. 2003b) would seem to offer a higher level of protection above the 3(Mϩ3SD) formula based on Þve ßies. The possible reduction of quarantine distances from 15 to 2.4 km may seem quite liberal; however, it may just reßect how protectionist the current 15-km standard is. Similarly, in fruit ßyÐfree Adelaide (Maelzer 1990) , incursions contained within 0.64 km would result in a quarantine zone of 3.84 km (possibly rounded up to 4 km). In the worst-case scenario using B.C. D. et al. (unpublished data) where sterile ßies were released in the city of Wagga Wagga, nearly 20,000 ßies were trapped with a mean dispersal of 3.06 km, resulting in a proposed quarantine distance of 18.36 km. This last example needs to be compared with the current quarantine 15-km distance after the capture of Þve B. tryoni. Recommended Quarantine Distances for B. tryoni. One purpose of this paper is to highlight the confusion and inequity in standards within the important area of domestic and international trade, and to initiate discussion on quarantine matters currently restricting international trade. There is an urgent need for regulators and scientists to identify the technical or scientiÞc basis and to nominate an appropriate safety factor or acceptable risk for fruit ßy quarantine purposes. This scientiÞc and ALOP method needs to be applied consistently to all species. There also is a need to develop a method for the calculation of risk based on zero detections perhaps similar to those of Martin et al. (2007) and Dominiak et al. (2011c) . As an interim step and in the absence of compelling scientiÞc evidence to the contrary, the 3-fold risk factor is recommended to be applied Mϩ3SD distance, in the knowledge that this linear parameter conveys an exponential quality based on the Fletcher inverse square rule (Clarke et al. 2011) .
Five interim quarantine distances are proposed based on the mean dispersal of B. tryoni. It is suggested that these standards be revised after 5 yr of domestic operational experience so that further alteration might be made to optimize trade (see Dominiak et al. (2011c) for a review of outbreak thresholds).
1. Where the mean dispersal distance of B. tryoni remains within 200 m of an epicenter, a quarantine area contained by a radius of 1.2 km is recommended for B. tryoni outbreaks. 2. Where the mean dispersal distance of B. tryoni is within 400 m of the epicenter, a quarantine distance of 2.4 km is proposed. 3. Where the mean dispersal distance ßies is within 1.0 km of the epicenter, a quarantine distance of 6 km is proposed. 4. Where the mean dispersal distance ßies is within 1.66 km of the epicenter, a quarantine distance of 10 km is proposed. 5. Where the mean dispersal distance ßies is within 2.5 km of the epicenter, a quarantine distance of 15 km is proposed.
These standards should be tested domestically and reviewed. If no breaches are detected, this standard should be recommended for international trade. The method should be evaluated for other fruit ßy species.
Advantages for Shorter Quarantine Distances for Fruit Flies. Shorter quarantine distances would have many advantages for all countries with fruit ßy problems. A decrease in quarantine distances would signiÞcantly decrease the area and number of producers currently obligated to unnecessarily treat produce. This would have an effect on the viability of producers. In addition, there would be a large decrease in the use of pesticides, both preharvest and postharvest, being applied to produce and potentially entering the environment or the food chain. In most Australian situations, the government conducts surveillance activities, reports detections, and declares the status of producers in effected areas. Growers often feel powerless to control their destinies, particularly when a detection 14.9 km away adversely affects their market access. The fruit ßy problem is therefore perceived as a government problem and growers feel no ownership of the problem. The adoption of shorter quarantine distances will shift the ownership of the problem back down to a district level and hence empower growers within a locality to become more engaged with control programs.
